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ASSESSING USE OF PASSIVE ACOUSTIC DETECTION TO DOCUMENT 
BEHAVIOR OF TWO SYMPATRIC POMACENTRID SPECIES 
 
SARAH JEAN PILZER 
 
ABSTRACT 
 Videotape and audio recordings of a patch reef in Ant Atoll, Pohnpei, Micronesia 
were analyzed for the presence of bioacoustic activity produced by species of the teleost 
family Pomacentridae. The acoustic parameters of fish calls were measured and then 
identified as belonging to either Amphiprion melanopus or Stegastes nigricans. Visual 
and statistical methods of analysis were combined to compare the calls of the two species 
and to test for measurable differences in the acoustic parameters of their calls. 
Soundscape data showed similar patterns to previously observed tropical reef 
environments. Fish produced single or multi-pulsed calls in the frequency range of 0-
1000 Hz that were often accompanied by observable behaviors such as a chases and 
displays of dominance. Results indicated that the species on this atoll produce similar 
calls that cannot be distinguished using acoustic data alone. Visual confirmation was 
necessary for definitive identification of sound producers and in many cases was not 
possible beyond the family level. Implications for passive acoustic monitoring are that 
acoustic data collection alone may be able to capture fish abundance but may not be 
sufficient to fully capture species richness in regions where populations of closely related 
fish have similar signals.  
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 This study aims to contribute to the emerging field of soundscape ecology, 
broadly defined as the study of a collection of biological and abiotic sounds that emanate 
from a given landscape (Pijanowski et al., 2011). We intend to expand current knowledge 
of marine soundscapes by providing benchmark acoustic measurements from a Pacific 
tropical coral patch reef dominated by colonies of the pomacentrid species Stegastes 
nigricans and Amphiprion melanopus. There has been extensive research to date on 
species from both Stegastes and Amphiprion, but neither S. nigricans nor A. melanopus 
are well represented in acoustic repertoire literature and few studies have directly 
compared between genera. Our study’s main objectives are to first describe the sounds of 
these two species, then determine whether we can differentiate between A. melanopus 
and S. nigricans based on acoustic field recordings alone. 
 Marine ecosystems are particularly well suited for acoustic studies because the 
density of water facilitates the propagation of sound across long distances while visual 
signals are limited by the rapid attenuation of underwater light. The use of recording 
devices to measure biological acoustic behavior is known as passive acoustic monitoring 
(PAM) and can provide information in complement with or as a proxy for visual 
observations (Lammers et al., 2008). In PAM studies, acoustic data is collected either by 
divers with handheld recording equipment using SCUBA or snorkeling (Mann and Lobel, 
1997; Mann and Lobel, 1998; Parmentier et al., 2009; Tricas and Boyle, n.d.) or by 
autonomous recorders that are moored in a location and set to record at specific intervals 
over time  (Lammers et al., 2008; Locascio, 2010). Given the constraints on diver bottom 
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times, methods involving SCUBA or snorkeling are more suited to short recording 
sessions rather than long term monitoring. However, even short recordings can provide 
essential data necessary for ground truthing longer more complex recordings. 
Considerable scientific attention has been focused in last decade on developing libraries 
of soniferous fish by seeking out and recording targeted reef species (Lobel, 2002; Tricas 
and Boyle, n.d.).  
 One major goal of the emerging field of marine soundscape ecology is to 
incorporate bioacoustic recordings with other ecological metrics in order to place sounds 
in the context of their particular acoustic environments. These recordings can be used to 
monitor changes in coral reef ecosystems in the face of threats from rising sea 
temperatures, ocean acidification, and overfishing. Fish abundance and species diversity 
are good candidates for passive acoustic monitoring, since other commonly employed 
methods of data collection, such as trawling and visual transect surveys, require extensive 
field time, can be destructive, and do not account for the presence of species hidden from 
view. In long term passive acoustic monitoring studies, hydrophones, coupled with 
automatic data loggers, are moored near targeted reef locations and then left unattended 
to capture repeated recordings over a period of weeks to months before being recollected 
for analysis (McCauley and Cato, 2000; Rountree et al., 2006; Luczkovich et al., 2008; 
Locascio, 2010). This method has the advantages of producing large amounts of data 
relative to the required fieldwork and allowing reef inhabitants to habituate to the 
presence of the equipment. The major disadvantage, however, is that without diver 
observations or high quality reference recordings it is often difficult to decipher the 
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different sonic interactions between organisms and their surroundings that create the 
complexity typical of coral reef soundscapes. Furthermore, the ability to obtain 
meaningful ecological data from soundscapes can be difficult due to the simultaneous 
signaling of multiple species or masking by abiotic and anthropogenic sources of noise. 
The challenge of marine passive acoustic monitoring is to isolate signals that are 
recognizable as belonging to a species of interest within the noise generated on an active 
coral reef.   
 One successful technique for effective monitoring is to combine observations of 
synchronized visual and acoustic behavior to confirm the species identity of suspected 
soniferous fish. Many of the behaviors associated with sound production also have a 
visual component (Rosenthal and Lobel, 2006) such as damselfish signal jumps 
(Myrberg, 1972; Mann and Lobel, 1997; Oliver and Lobel, 2013) or quivering in cichlids 
(Nelissen, 1978; Ripley and Lobel, 2004; Simoes et al., 2008). The advent of underwater 
video recording has been essential to determining correlations between acoustic and 
visual behavior (Lobel, 2002; Kovitvongsa and Lobel, 2009). The presence of certain 
species suspected to be making sounds heard during passive acoustic monitoring of 
tropical reef habitats can be post-hoc confirmed by reviewing video data while listening 
for the previously identified sounds. Given the improvements in data collection accuracy 
over the last few decades, it is now conceivable for researchers to discriminate between 





 Damselfish (Pomacentridae) are a diverse family of perciform teleosts found 
ubiquitously worldwide. Tropical species tend to be associated with coral reefs, making 
up a large percentage of the species found in shallow (<25 m of water) near-shore waters. 
Most pomacentrid species are small in body size, rarely exceeding 10 cm, and are highly 
aggressive in their territoriality (Allen, 1975; Allen, 1991; Clarke, 1970). Pomacentridae 
have a profound impact on the standing crop of primary producers on coral reefs as their 
territories have been shown to contain high levels of algae biomass and diversity due to 
the exclusion of other herbivorous grazers (Brawley and Adey, 1977; Klumpp et al., 
1987). Pomacentridae is further divided into 4 subfamilies, Pomacentrinae, 
Lepidozyginae, Chrominae, and Amphiprionae, which together contain a total of 29 
genera and roughly 350 species (Allen, 1991; Jang-Liaw et al., 2002; Quenouille et al., 
2004). The subfamily Pomacentrinae is the most diverse of these groups, representing 
more than 200 species, followed by the Chrominae (80 species) and Amphiprioninae (28) 
(Tang et al., 2001; Jang-Liaw et al., 2002). Lepidozyginae is a monotypic subfamily and 
thus often excluded from phylogenetic analysis (Jang-Liaw et al., 2002). Amphiprioninae 
is the only consistently monophyletic clade within Pomacentridae, though the family on a 
whole is also considered to be monophyletic (Allen, 1980; Tang et al., 2001; Jang-Liaw 
et al., 2002; Cooper et al., 2009). Amphiprioninae, commonly known as anemonefish, are 
unique among Pomacentridae for their obligate symbiosis with sea anemones. In 2009, 
Cooper et al. created the new subfamilies of Stegastinae and Abudefdufinae and 
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redefined the previously problematic Pomacentrinae such that Amphiprioninae were 
demoted to tribe status and renamed Amphiprionini. 
 Our study concerned two genera of Pomacentridae, Stegastes represented by 
Stegastes nigricans and Amphiprion represented by Amphiprion melanopus. These genera 
contain some of the most extensively studied sound producers found on coral reefs. At 
least 6 of the ~40 recognized Stegastes species (Myrberg, 1972; Spanier, 1979; Mann, 
1995) and most of the 27 recognized Amphiprion species (Parmentier et al., 2007) are 
known to exhibit stereotypical sonic behavior. In particular, Stegastes partitus has served 
as a model species for fish bioacoustics and seems able to distinguish between calls of 
conspecifics versus sympatric congeners (Stegastes leucosticus and Stegastes planifrons) 
despite showing similarity in temporal characteristics such as the interval between pulses 
(Myrberg and Spires, 1972) and number of pulses per call (Spanier, 1979). All 14 species 
of Amphiprion studied by Colleye et al. (2011) exhibited variation in pulse duration and 
dominant frequency, but comparisons of similarly sized fish from five of the species 
(Amphiprion latifasciatus, Amphiprion melanopus, Amphiprion ocellaris, Amphiprion 
percula and Amphiprion perideraion) suggested that this result was likely due to 
individual body size instead of species identity. Our research asks similar questions as 
those in previous bioacoustic studies conducted with Stegastes and Amphiprion species, 
but rather than restricting analysis to within genus comparisons we attempt to 
differentiate between more distantly related species across genera. A simplified version 
of Cooper’s tree is presented below in order to highlight the phylogenetic relationship 






 Recordings were made while snorkeling inside Ant Atoll lagoon off the coast of 
Pohnpei, Micronesia on October 9th, 1999 at 12:00 hours (Figure 2). The study location 
featured an isolated patch reef approximately 10 meters in diameter with coral heights of 
~0.5 meters in water depth of less than 3 meters. Several sections of coral rubble were 
covered by turf algae as is typical in pomacentrid dominated territories with areas of flat 
sandy bottom between individual coral heads. The majority of fish present were resident 
colonies of A. melanopus and S. nigricans but several individuals of other species made 
transient appearances. 
 Methods of capturing simultaneous video and audio recordings were the same as 
those in studies by Mann and Lobel (1997, 1998) and (Mosharo and Lobel, 2012). Video 
was recorded onto MiniDV tape at 30 fps using a Sony VX-1000 camera located ~1 
meter from a coupled hydrophone (flat response 10-3000 Hz; nominal calibration -162 
dB/mPa ± 2.0 dB) (BioAcoustics Inc., Woods Hole, MA). The hydrophone was buoyed 
~0.5 meters above the bottom by a float that was attached to a boom by means of the 
cables coupling the hydrophone to the video camera. The boom was placed on the coral 
such that the hydrophone was located near the center of the patch reef. We recorded four 
separate clips within a 15-minute period, relocating the video camera and hydrophone 
slightly between recordings to capture a wider view of the patch reef (Figure 3). Data was 
considered to be synoptic, meaning despite the short time gaps between clips they 
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provide a summary of the entire recording period, thus we pooled all recordings for 
analysis.  
 Videotapes were digitized using iMovie HD 6 (Apple Inc., 2006) and saved as .dv 
movie files. The audio tracks from these files were then converted to WAV format at 
44.1 kHz (16-bit resolution) using iMovie ’09 (Apple Inc., 2010). Raven Pro 1.5 
(Bioacoustics Research Program, 2014) was used to visualize waveforms and 
spectrograms of the WAV files and to calculate measurements of the acoustic properties 
of the recordings.  
 
Definitions of Call Types 
 Fish calls were defined as either single pulses or short trains of multiple pulses of 
sound energy that diverged from the background noise of the soundscape. Each call 
consisted of one or more repeated pulses such that the time between pulses was shorter 
than the time between calls. To avoid the uncertainty of assigning terms based on 
expected function in cases without a clear visual behavior, we described sound types 
using the onomatopoetic terms pops and chirps (Amorim, 2006; Lobel et al., 2010). Calls 
were categorized based on the number of pulses per call. Calls with one pulse were 
considered “single pops”; calls with two pulses were called “double pops”, while calls 





 A dataset of individual calls was extracted by close review of videotape clips for 
instances where clear visual behavior of an identifiable fish was observed simultaneous to 
hearing a call (as defined above). The call was assigned to either “S. nigricans” or “A. 
melanopus” and given a confidence value of “low”, “medium”, “high”, or “absolute” 
depending on the self-reported certainty of the viewer’s assessment. If a call was heard 
with no obviously corresponding visual behavior, or if the species of the fish could not be 
identified, the call was marked as “Unidentified Pomacentridae” and assigned a 
confidence level of “NA”. The species assignments were later used as a grouping factor 
for various forms of analysis. Due to field conditions, it was not possible to isolate 
individuals for recording purposes. Therefore calls produced by multiple individuals were 
grouped for analysis, but it is assumed that calls are independent (Parmentier et al., 
2009). Calls were compared using a series of qualitative and quantitative methods to test 
the possibility of assigning calls to a particular species based on acoustic parameters 
alone.   
 
Comparison of Species – Effect of Confidence Level 
 To test whether we would be better able to detect differences between species in 
calls assigned with a greater confidence level, we conducted our analyses on three 
progressively restrictive subsets of our data. These groups were defined as: 
• Confidence Group 1 (CG1): containing calls of all confidence levels (n = 608) 
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• Confidence Group 2 (CG2): containing calls marked with medium, high, or 
absolute confidence (n = 57) 
• Confidence Group 3 (CG3): containing high or and absolute confidence calls only 
(n = 12)  
 
Comparison of Species – Measurement of Pomacentrid Acoustic Parameters 
 As per Lobel and Mann (1998) and Kihslinger and Klimley (2002), the following 
acoustic parameters were measured for each call:  
 
Temporal Parameters 
• Call duration: time from the start of first pulse to end of last pulse (sec) 
• Pulse number: number of individual pulses in an call 
• Pulse rate: number of pulses per second 
• Pulse duration: time from start of one pulse to its end (sec) 
• Interpulse interval (IPI): time from end of one pulse to the beginning of next 
pulse (sec). 
• Coefficient of variation for IPI: standard deviation IPI/mean IPI (only calculated 
in calls with multiple pulses) 
 
Spectral Parameters 
• Peak frequency: frequency containing the highest energy level for the entire call, 
including interpulse intervals (Hz) 
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• Total energy: total energy level contained in entire call (dB) 
 
 In multi-pulse calls, independent measurements were made for each individual 
pulse then averaged for the entire call. Kruskal-Wallis tests were used to test for 
significant differences in the median acoustic properties of the various call types. Some 
measurements (such as interpulse intervals) are only relevant in multi-pulse trains, thus 
these parameters were omitted when comparing between call types. 
 
Comparison of Species – Correlation of Acoustic Parameters 
 To explore the relationships between acoustic parameters we constructed a 
correlation matrix then used Pearson’s product-momentum correlation coefficients and 
linear models to test for significantly correlated parameters. 
 
Comparison of Species – Visual Analysis 
 Each call was visualized using Raven Pro 1.5 then inspected for unique contours 
in the oscillogram traces and unique light and dark patterns in the spectrograms. Calls 
from each species were compared side-by-side using Raven’s selection comparison tool.  
 Average spectral density curves were visually examined for similar contours 
between calls. To quantify differences in spectral density curves for each call type we ran 
linear regression models predicting sound energy by two independent dichotomous 
variables: species (A. melanopus or S. nigricans) and frequency (“low” < 5000 Hz, or 




Comparison of Species – Raven Correlations 
 To quantify the intraspecific and interspecific similarity of individual sound 
pulses we isolated the waveforms and spectrograms of chirps that were assigned with the 
highest confidence level in A. melanopus and S. nigricans and then compared them using 
Raven’s correlator tool. The correlator uses time lags to calculate a series of correlation 
values between either two spectrograms or two waveforms (see Charif and Strickman, 
2010 for further explanation). The peak correlation value serves as a quantitative 
measurement of the similarity in frequencies or amplitude over time between the two 
sounds with 0 indicating low similarity and 1 indicating high similarity. We correlated 
both intra- and inter-specific pairings of pulses.  
 
Comparison of Species - Statistical Analysis 
 All statistical analysis was performed using custom R scripts in RStudio (RStudio, 
2013). Summary statistics (mean, median, standard deviation, minimum, maximum, and 
range) were calculated for each combination of call type and species group. Because of 
violations of the assumption of normality, we used the Wilcoxon-Mann-Whitney U test 
to compare mean acoustic parameters between A. melanopus and S. nigricans. Chi square 
tests were used to assess the total number of sounds produced using both type and species 




Comparison of Species - Principal Components Analysis (PCA) 
 To identify which, if any, acoustic parameters might potentially be used to 
separate calls from different species, we conducted principal components analysis (PCA) 
on all calls regardless of species assignment, using variables that were both numeric and 
complete for the entire dataset (number of pulses, pulse length, peak frequency, and total 
energy). Additional PCA were then run using the three degree of confidence subsets of 
varying degrees of confidence for calls assigned to A. melanopus and S. nigricans. Each 
PCA included as many complete numeric variables as possible for the call type. 
 
Comparison of Species - Logistic Regression 
 To model the probability of predicting which species produced a call, we created 
a dummy variable coded for A. melanopus as the reference value (A. melanopus = 1, S. 
nigricans = 0). We then ran a series of logistic regression models with various 
combinations of predictor variables based on parameter groups (temporal or spectral). 
The resulting coefficients’ significances were assessed using Wald’s chi-square while 
overall goodness of fit of each model was evaluated with McFadden’s Pseudo-R2, 
Akanke information criterion (AIC), and Hosmer-Lemmeshow !2.  
 
Soundscape Description  
 In addition to measuring the acoustic behavior of the resident fish populations, we 
characterized the general lagoonal reef soundscape by combining audio from the four 
clips of field recordings into one continuous signal and then using spectrographic analysis 
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to look for acoustic patterns. Power spectral densities were calculated using Raven’s 
algorithm of squared Fourier transform coefficients with a 1024 sample Hanning window 
and 61.9 Hz filter bandwidth. 
 
Soundscape Description - Measurement of Acoustic Parameters 
 The following acoustic measurements were calculated as defined in the Raven 
User Manual (Charif and Strickman, 2010): 
 
• Average power: value of individual power spectral densities averaged over entire 
signal (dB) 
• Energy: total sound energy contained within the entire signal (dB) 
• Peak frequency: frequency containing the highest energy level in the signal (Hz) 
• Frequency range: highest frequency captured minus lowest frequency captured 
(Hz) 
 
 Following methods from Staaterman (2013) we measured the average power 
spectral density of the entire sampling period for the frequency range of 0 to 22 kHz 
divided into 100 Hz bands. Frequencies containing abiotic and biological signals of 




Soundscape Description - Call Repetition Rate 
 To quantify the overall noisiness of the reef soundscape in terms of fish calls, we 
counted the number of calls per videotape clip and then divided the sum by the length of 
the clip. To asses whether there was a particular pattern to the calls we divided the clips 
into 30 second long time bins and compared the number of different calls per species per 
bin using side-by-side bar charts. This analysis was repeated using call type as a grouping 






A Note on Outliers 
 Boxplots of measured parameters showed evidence of outliers as defined by 
values that are more than 1.5 times the interquartile range from either the lower or upper 
quartiles (Figure 4). Outliers should be treated with caution as they sometimes reveal 
systematic error in study design or collection methods, but could also accurately reflect 
variation in the data. It is possible that outliers may have arisen from errors in the 
identification process such that calls from non-fish sources were accidentally included in 
our dataset. However, since the identity of the sound producer was unknown for many of 
the outliers, we are reluctant to dismiss them without verification that they were not from 
either S. nigricans or A. melanopus. The statistical significance of results did not change 
when analysis was conducted with as compared to without outliers, thus the analysis 
presented below is from all data points including outliers. 
 
Species Identification 
 We identified a total of n = 608 discrete calls produced by pomacentrids in the 
Ant Atoll lagoon. Single pops made up the largest percentage (40.7%) of total calls 
though there were nearly as many chirps (38.8%). Only about half as many double pops 
were recorded. Of the identified calls, 40% (n = 232) were accompanied by visual 
behavior that allowed for categorization by species, with 136 coming from S. nigricans 
and 96 from A. melanopus; the remaining 376 calls were classified as “Unidentified 
Pomacentridae” (Figure 5a). The majority of identifications were assigned a confidence 
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level of “low” with only 12 sounds scoring a “high” or “absolute” confidence level 
(Figure 5b).   
 
Comparison of Species - Measurement of Acoustic Parameters 
 Kruskal-Wallis tests on the subset of calls from A. melanopus and S. nigricans 
only (n = 232) showed significant differences of medians between call types (chirps, 
double pops, and single pops) for duration, number of pulses, pulse rate and total energy. 
Pulse length, mean IPI, and peak frequency did not differ significantly between call types 
(Table 1).  
 
Comparison of Species - Correlation of Acoustic Parameters 
 A correlation matrix shows several significant relationships between acoustic 
parameters (Table 2). In particular, call duration was significantly correlated with the 
number of pulses (Pearson’s product-moment correlation, t = 40.17, df = 606, p < 0.01) 
and with pulse length (Pearson’s product-moment correlation, t = 2.05, df = 606, p = 
0.04). A scatterplot shows a positive linear relationship (β = 0.07, p < 0.01) between 
duration and number of pulses (Figure 6a). Similarly, plotting duration against pulse 
length (Figure 6b) shows a positive linear relationship (β = 1.64, p < 0.01) but R2 values 
show the pulse number model (R2 = 0.727) to be a better fit than pulse length model (R2 
= 0.005). Combining pulse number and pulse length in a multivariate model gives a 
slightly larger R2 = 0.74 with a model p-value < 0.01. Comparing models with AIC 
supports the selection of the more complicated model (Table 3). Log likelihood tests also 
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support the selection of the more complicated model as compared to either pulses alone 
(!2  =  439.61, df = 1, p < 0.001) or pulse length alone (!2  =  47.07, df = 1, p < 0.001). 
From these results, we conclude that call duration is a function of both pulse number and 
pulse length and can be safely removed from further analysis. 
 
Comparison of Species - Visual Analysis 
 Typical waveforms of each call type’s individual pulses resemble those 
previously observed in the sounds made by other pomacentrids (Myrberg et al., 1986; 
Myrberg, 1997; Mann and Lobel, 1998) (Figure 7). The waveforms of chirps (Figure 8), 
double pops (Figure 9), and single pops (Figure 10), are all visually indistinguishable 
between A. melanopus and S. nigricans. Spectrograms for the same calls reveal that A. 
melanopus pulses contain a broader band of frequencies as compared to S. nigricans. 
Comparing the average spectral density curves indicated that A. melanopus showed more 
power in higher frequencies, especially in chirps and pops (Figure 11). This was 
confirmed for chirps and single pops with linear regression models that showed species 
and frequency to be significant predictors for sound energy in those call types (Table 4). 
For double pops, however, only frequency was a significant predictor indicating there is 
no difference in the sound energy of double pops between A. melanopus and S. nigricans.  
 
Comparison of Species - Raven Correlations 
 Calculations from Raven’s correlator tool (Figure 12) showed that the individual 
waveforms of pulses from a typical A. melanopus chirp had an average correlation of 
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42% meaning that the shape of each pulse was fairly distinct. The spectrograms for the A. 
melanopus pulses, however, showed more similarity with an average correlation of 75%, 
meaning the frequency distribution of sound energy was reasonably similar in each pulse. 
Pulses from the typical S. nigricans chirp showed lower correlations in both waveforms 
(24%) and spectrograms (50%). Comparing pulses between the two species resulted in an 
average waveform correlation of 29% and spectrogram correlation of 43%.  
 
Comparison of Species - Statistical Analysis 
 A. melanopus produced fewer sounds total than S. nigricans and both species 
produced more chirps than double pops or single pops. Conversely, Unidentified 
Pomacentridae produced more single pops than either of the other two call types. 
Summary statistics for each acoustic parameter are given by call type for A. melanopus 
(Table 5), S. nigricans (Table 6), and Unidentified Pomacentridae (Table 7).  
 Wilcoxon-Mann-Whitney tests conduced on Confidence Group 1 did not reveal 
significant differences between species for any measured acoustic parameter (Table 8). 
This was confirmed graphically with boxplots of CG1 that show overlap in the acoustic 
parameter ranges when comparing A. melanopus to S. nigricans (Figure 13). Restricting 
the boxplots to include only calls from CG2 still showed considerable overlap in acoustic 
parameter measurements (Figure 14). CG3 showed more distinction between species 
(Figure 15), but the sample size (n = 12) lacked statistical power. 
 There was no evidence for a particular call type being favored by either A. 
melanopus or S. nigricans as the distribution of chirps, double pops, and single pops 
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followed the same pattern in all Confidence Groups (Figure 16 and Figure 17). A chi 
square test performed on the two way contingency table of call types by species did not 
show significant differences between A. melanopus and S. nigricans (!2 = 0.004, df = 2, p 
= 0.997). 
 
Comparison of Species - Principal Components Analysis (PCA) 
 The initial PCA for all sound sources (A. melanopus, S. nigricans, and 
“Unidentified Pomacentridae”) failed to separate calls into distinct clusters (Figure 18a). 
The first two principal components explained 60% of the observed variance in the 
dataset. Loadings show that the first principal component is correlated with spectral 
parameters (peak frequency and total energy) and principal component two was 
correlated with temporal parameters (number of pulses and pulse length) (Table 9a).  
 PCA performed on CG1 (calls from A. melanopus and S. nigricans only but 
including all call types and all confidence levels) similarly did not show separate clusters 
(Figure 18b). The first two principal components explained slightly more variance (62%) 
than the previous PCA. The first principal component correlated most with the number of 
pulses and total energy while the second principal component was correlated with the 
number of pulses and peak frequency (Table 9b). 
 Additional PCA with CG1, conducted separately for each call type and with 
species identification color coding, produced overlapping clusters similar to those of the 
initial tests (Figure 19). Loadings indicated for each call type the first principal 
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component was generally correlated with temporal parameters and the second principal 
component was more often correlated with spectral parameters (Table 10). 
 Repeating PCA with CG2 and CG3 gave similar results with no clear distinction 
between calls from A. melanopus and S. nigricans (Figure 20) even when calls were 
separated by type (Figure 21). Loadings from both CG2 and CG3 showed that PC1 
included pulse parameters and total energy, while PC2 was correlated with peak 
frequency (Table 11).  
 
Comparison of Species - Logistic Regression 
 We were able to predict whether a call was produced by A. melanopus or S. using 
logistic regression with a binary dummy variable as the response and various sets of 
acoustic parameters as the predictors. Hosmer-Lemmeshow tests showed that each of our 
models satisfactorily fit the data (Table 12). Comparison of the relative fits using 
McFadden’s pseudo-R2 indicated that the best model was the global candidate set that 
included number of pulses, pulse rate, pulse length, mean IPI, IPI coefficient of variation, 
peak frequency and total energy. AIC, however, indicated that a simpler model that only 
included temporal acoustic parameters (number of pulses, pulse rate, pulse length, mean 
IPI, and IPI coefficient of variation) provided a better tradeoff between model complexity 




Soundscape Description – Measurement of Acoustic Parameters 
 The combined footage time of the four clips was 11 minutes and 40 seconds 
recorded over a period of 13 minutes from 12:02 pm to 12:15 pm. Details for individual 
clips are given in Table 13. The average power was 73.7 dB re unity power (not 
calibrated to the hydrophone), with an average energy of 87.4 dB and total energy of 
145.6 dB summed over the entire recording (Figure 22). The total frequency bandwidth 
ranged from 0-22.05 kHz with peak frequency occurring at 172.3 Hz. Average power 
spectral density per 100 Hz band was greater for samples containing fish calls than 
samples that only contained background noise (Figure 23). The greatest average power 
spectral density measurements occurred in the 0-1000 Hz range. A second concentration 
of average power spectral density occurred between 3500-7500 Hz. Additional noise was 
observed in most frequencies greater than 1000 Hz, including several broadband high 
energy clicks heard throughout the recording (Figure 23).  
 
Soundscape Description - Call Repetition Rate 
 Overall, there was nearly constant biological sound activity on the reef throughout 
the recording period. The average time gap between calls was 1.14 ± 1.17 seconds with 
the shortest gap measuring less than 0.01 seconds and the longest being just over 12 
seconds. A. melanopus produced sounds less frequently than S. nigricans (Table 14) 
though the difference was not statistically significant. Both species produced more chirps 
than pops, but the Unidentified Pomacentridae produced more single pops than either of 
the other two call types. In regards to both type and species, sounds seemed to be 
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randomly distributed through the recordings with no discernable pattern in when fish 





Comparison of Call Types 
 The three types of pomacentrid calls identified in this study (chirps, double pops, 
and single pops) were distinguishable by their acoustic parameters (Table 1), but the 
behavioral context for the calls is unclear. Previous research has indicated that the pattern 
of pulses differs between fish species and may form the basis for species-specific coding 
(Fish and Mowbray, 1970; Myrberg and Spires, 1972; Myrberg et al. 1978; Spanier, 
1979; Mann and Lobel, 1998; Kihslinger and Klimley, A. Peter, 2002). While it is easy to 
differentiate pops from chirps based on the number of pulses in the call, there was 
considerable variation of pulse number within chirps. Temporal acoustic parameters 
tended to co-vary as evidenced by linear regression models (Figure 6; Table 3) and 
principal components analysis (Tables 9-11). In particular, as would be expected, 
duration was closely related to the number of pulses and length of each pulse within a 
call, such that calls with longer durations had more and longer pulses than those with 
shorter durations. Total energy was also related to pulse length as would be expected 
since longer pulses would contribute additional sound energy to the call.  
 Beyond the number of pulses in a call and the related co-variants of duration and 
total energy, we observed no differences in the temporal properties of chirps and pops. 
Neither individual pulse length (Kruskal-Wallis !2  =  0.56,  df  =  2,  p  =  0.756) nor mean 
IPI (Kruskal-Wallis !2  =  0.89,  df  =  1,  p  =  0.345) appeared to differ significantly 
between call types. Our comparison of spectral acoustic parameters indicated no 
significant differences in the peak frequency of chirps and pops (Kruskal-Wallis !2 = 
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0.89, df = 2, p = 0.64) though total energy did differ (Kruskal-Wallis !2 = 38.94, df = 2, p 
< 0.001). It seems that there are not significant spectral differences in the pulses that 
make up pops as compared to chirps so that the major difference between call types is 
limited to the defining number of pulses per call. 
 
Comparison of Species – Data quality 
 Close analysis of videotapes allowed for classification of calls by species but was 
limited to instances of synchronous acoustic and visual behavior, which made up a 
minority of observed calls. Myrberg (1997) similarly failed to identify pomacentrid 
species based on sound, but his playback experiments elicited differential responses from 
males exposed to conspecific sounds as compared to heterospecific congeners. The 
combination of visual and acoustic behavior is very common in fish, especially those of 
the Pomacentridae family. For example, the courtship behavior of Dascyllus albisella, 
know as a “signal jump”, incorporates three types of signals: acoustic, movement, and 
color (Mann, 1995). Aggressive behavior of Amphiprion frenatus involves both head 
movement and production of a variety of sound types, with specific combinations of 
behavior indicating the dominance hierarchy of the antagonists (Colleye et al., 2011).  
 Despite expecting a 1:1 ratio of visual and acoustic behaviors, only 40% of the 
observed calls in our dataset were accompanied by conspicuous visual behavior. In a 
majority of instances, we would identify a fish call in the acoustic data but there was no 
apparent corresponding visual behavior on the videotape. This may be in part because the 
hydrophone used in our setup records omnidirectionally but the video camera had a more 
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limited field of view and thus fish that were off screen may have produced calls that were 
captured by the hydrophone. Other obstructions such as coral, seagrass, or intervening 
fish also may have hidden the visual behaviors of sound producers from the camera. 
Varying the position of the camera and hydrophone did allow for capturing a wider field 
of view and therefore potentially more instances of visual behaviors, but it also 
interrupted the flow of continuous data collection and potentially disturbed our study 
subjects.  
 For those observations that had synchronous visual and acoustic behavior, we 
were able to use visual behavior cues to assign calls to individuals. In these cases the 
species of the sound producer was also usually identifiable by visual differences in body 
shape and color. However, most of these associations were assigned with low levels of 
confidence due either to the difficulty of recognizing species-specific morphology or 
because of confusion caused by simultaneous movement in multiple individuals, which 
masked our ability to identify a single fish as the source of the call. Our study highlights 
the challenges of using a fixed camera/hydrophone setup for passive acoustic monitoring 
when sympatric species do not exhibit measurable acoustic differences in the sounds they 
produce. In such cases, visual monitoring is needed in addition to acoustic data before 
drawing conclusions about the presence of certain species. 
 
Comparison of Species – Results  
 Fish behaviors observed on our videotapes, such as chases and dominance threat 
displays, were as would be expected for a typical pomacentrid dominated coral patch. 
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The lagoonal colonies of A. melanopus and S. nigricans both exhibited acoustic behavior 
in the form of single and multiple pulsed calls that varied in acoustic and temporal 
parameters. Measuring these parameters resulted in similar values of those previously 
observed in other pomacentrids. Chen and Mok (1988) found that the number of pulses 
for Amphiprion clarkii and A. frenatus chirps ranged from 1 to 17, while the A. 
melanopus chirps in our study feel within this range with pulse numbers from 3 to 10. 
However, even after employing multiple methods of analysis we found that the calls of A. 
melanopus and S. nigricans were too similar to provide a basis for distinguishing between 
species. Restricting analysis to data assigned with cases of higher assignment confidence 
did not improve our ability to distinguish between species based on acoustic behavior. 
Neither was it possible to use call type to differentiate between A. melanopus and S. 
nigricans as both species produced chirps, double pops, and single pops in similar 
proportions. Visually inspecting waveforms of calls from each species did not reveal any 
characteristic shapes that could be used for identification purposes.  
 The correlation coefficients from Raven’s correlator tool show that on average 
there is greater similarity in pulses from chirps of the same species than between pulses 
from chirps of different species. This suggests that given a pulse of known origin, the 
correlator tool could be used to determine if unknown pulses correlated with the known 
pulse and therefore were likely to be from the same species. This method could be used 
to identify species calls by their component pulses. However, in some cases the 
correlation coefficients cannot be used distinguish between species calls. For example, 
the third pulse of the A. melanopus chirp and the third pulse of the S. nigricans chirp 
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showed higher correlation coefficients when compared to each other (waveform = 0.75, 
spectrogram = 0.97) as opposed to when compared to the first and second pulses of their 
own respective calls. Our analysis only accounted for the single best example of chirps 
from each species, further testing of Raven’s correlator tool should include additional 
chirps and examples of other call types before concluding the effectiveness of using this 
method for passive acoustic species identification.  
 Spectral characteristics, such as peak frequency, likely provide more information 
about size and shape than species (Myrberg et al., 1993). For example, Colleye et al. 
(2011) observed in four Amphiprion species that peak frequency and pulse length 
intraspecifically correlated with body size but that there was interspecific overlap in the 
same acoustic parameters, indicating that variation in acoustic behavior may be due more 
to the size of fish than species specific coding. Chen and Mok (1988) did not observe 
frequency differences when comparing between Amphiprion species. However, in some 
cases, peak frequency has been shown to differ by species in Eupomacentrus (now 
Stegastes) (Spanier, 1979). We did not find any significant frequencies differences when 
comparing between genera. 
 In all of our PCA tests, there was almost complete overlap in the clusters of calls 
from A. melanopus and the calls S. nigricans, indicating that there was no set of acoustic 
parameters that could be used to easily differentiate between species. Even when we 
focused on CG2 and CG3, which contained only calls assigned with higher confidence, 
there was no evidence for differentiation between species using PCA.  
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 To classify calls from the reverse direction, we used logistic regression to predict 
the likelihood that a call had originated from A. melanopus or S. nigricans based on the 
call’s acoustic parameters. The best predictor variables were related to temporal 
characteristics rather than spectral characteristics. This is consistent with other studies 
that have shown temporal differences in the acoustic communication of various fish 
species (Mann and Lobel, 1997; Kihslinger and Klimley, 2002; Colleye et al., 2009). 
 Pomacentrids use both stridulation and swimbladder vibration to produce several 
types of broadband-pulsed sounds (Amorim, 2006). Typically, a single species will 
exhibit one mechanism of producing sound directly related to its specific morphology. 
Previous research has shown difference in the sonic mechanisms of Stegastes and 
Amphiprion. Myrberg (1972) found similarities between the different call types of 
Stegastes partitus’ basic repertoire that suggested variation was produced by modulation 
of the swimbladder rather than fish employing multiple sonic mechanisms. Parmentier’s 
(2007) work with Amphiprion clarkii established the likelihood of jaw snapping as the 
species’ sound production mechanism and Colleye et al., (2011) demonstrated that an 
additional 13 Amphiprion species shared the same mechanism of sound production 
despite differences in teeth morphology.  
 Given that sounds caused by stridulation are likely to have different acoustic 
properties than those produced by swim bladder vibration (Lobel et al. 2010), A. 
melanopus and S. nigricans would be expected to differ based on belonging to genera 
that typically employ different sound production mechanisms. Our results, however, did 
not indicate any significant difference in the acoustic properties of the two species’ calls, 
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suggesting that they may be using similar sound production mechanisms. We cannot 
conclusively determine the sound production mechanism of either A. melanopus or S. 
nigricans without further morphological studies. 
 Another possible explanation for the apparent similarities between calls from A. 
melanopus and S. nigricans could be that the types of signals we recorded were related to 
behaviors where species identity is not crucial information. A review of acoustic 
playback studies using species from the Pomacentridae family reveals that species 
specific coding was more important in some cases than others. For example, Dascyllus 
albisella multi-pulsed signal jump sounds are likely related to species recognition during 
courtship and spawning, while sounds associated with single pops during nest picking are 
more likely incidental to the activity instead of specifically communicative (Mann and 
Lobel, 1998). There is also evidence for character displacement in the acoustic courtship 
behaviors in Dascyllus when species are living in sympatry but not if they are allopatric 
(Parmentier et al., 2009) further suggesting that sounds are not species specific in all 
contexts. This is often especially true during instances of multi-modal communication. 
The same sound may be perceived differently when accompanied by visual behavior, as 
was the case in experiments by Myrberg (1997) where playbacks of territorial calls from 
Stegastes partitus were much less effective in preventing intruders when projected alone 
via loudspeaker than when combined with the visual presence of the resident fish. Most 
of the calls recorded during our study were of an aggressive nature, as opposed to 
reproductive behaviors, and therefore may not have communicated differentiation at the 
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species level (Colleye and Parmentier, 2012) without additional visual cues of color, 
body shape, and size. 
 
Describing a Coral Patch Reef Soundscape 
 The lagoonal patch reef soundscape in this study is characterized by a variety of 
calls mainly consisting of low-frequency single or multi-pulse trains attributed to fish in 
the Pomacentridae family and high-frequency “static” attributed to snapping shrimp. 
Pohnpei represents a relatively pristine tropical marine environment that has experienced 
relatively fewer effects from anthropogenic sources than other more populous locations. 
Pomacentrids colonize structurally complex living coral skeletons and thus their presence 
can be used as a proxy for live coral cover (Lobel, 1978). The extent of live coral cover 
and fish population densities observed at the time of our study (1999) were consistent 
with conditions considered to be healthy in other reef ecosystems (Lobel, personal 
observation, 1999).  
 
 One reason for recording soundscapes is to determine what healthy reefs sound 
like in order to establish a baseline for comparison with future studies. Each new 
recording provides one more benchmark from which we can measure the changes in 
marine environments. Pomacentrids are considered one of the main contributors of 
bioacoustic sound in coral reef environments and it is typical to hear calls from multiple 
sympatric species. As would be expected given the known frequency range of fish 
sounds, the highest average sound energy density at our study site was in frequency 
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bands below 1000 Hz. This is similar to patterns previously recorded on other reef 
soundscapes, such as in Panama and Florida (Staaterman et al., 2013), Hawaii (Tricas and 
Boyle, n.d.), and Australia (McCauley and Cato, 2000). An additional band of 
concentrated average power between 3500-7500 Hz is attributed to the presence of 
snapping shrimp since they are known to produce broadband sounds greater than 1000 
Hz (Everest et al., 1948; Readhead, 1997; Au 2012). Saaterman (2013) cautions against 
the use of snapping shrimp as indicator species as they tend to inhabit a wide variety of 
ecosystems including non-living coral. Pomacentrids, on the other hand, colonize 
structurally complex living coral skeletons and thus their presence can be used as a proxy 
for live coral cover.  
 
Bioacoustics and Soundscape Ecology 
 It should come as no surprise that despite being distinct branches of science, 
biology and acoustics overlap because sound is an integral part of life for many 
organisms. Communication via acoustic signals is a key component in the reproductive 
behaviors of birds (Podos et al., 2004), anurans (Klump and Gerhardt, 1987; Bosch and 
Márquez, 2001) lizards (Tang et al., 2001), insects (Alexander and Moore, 1958; Bennet-
Clark, 1970; Henry et al., 1996; Drosopoulos and Claridge, 2005), and fish (Mann and 
Lobel, 1997; Amorim et al., 2003; Boyle and Cox, 2009). Given that sounds produced by 
animals during competition, courtship, and mating contribute to the complexity of 
terrestrial and underwater ecosystems, ecologists have begun to recognize the benefit of 
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monitoring biological acoustic activity as a metric of ecosystem quality (Farina and 
Pieretti, 2014).  
 Listening for spawning sounds is one of the main applications of passive acoustic 
monitoring in the marine environment and accounts for a large percentage of the recent 
papers on fish bioacoustic behavior (Lobel, 2002; Luczkovich et al., 2008; Rowell et al., 
2012). This is in part due to the interest in protecting commercially important fish by 
identifying key spawning locations and establishing those regions as marine protected 
areas where fish can mate without interference from fishing and other human activities. 
Spawning and reproduction are also times when fish are most likely to produce unique 
acoustic signals for the purposes of species recognition to facilitate successful breeding. 
Many fishes are capable of some level of species recognition via bioacoustic signals, 
even when there appears to be little difference in the parameters of conspecific sounds as 
compared to those of heterospecifics (Spanier, 1979).  
 This relates to the core biological questions: what precisely constitutes a species 
and how do organisms differentiate between conspecifics and heterospecifics? This topic 
has fueled robust debate in the biological scientific community and the quest for a 
unifying species concept remains a central tenet in the fields of evolution and ecology. 
Several theories have been proposed to explain the “reality” of species, the most widely 
recognized being “the biological concept” popularized by Poulton (1903), Dobzhansky 
and Dobzhansky (1937), and Mayr (1982). Briefly, the “biological concept” of species 
states that species must be defined by attributes that restrict reproductive success to 
members of the same natural population (Mayr, 1996). Dobzhansky (1937) proposed that 
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these attributes are “isolating mechanisms” since they prevent the interbreeding between 
populations and thus create distinct species. In contrast, the “recognition concept of 
species” relies on an individual’s ability to send and receive signals that help them 
positively identify potential mates and facilitate fertilization (Paterson and McEvey, 
1992). 
  In the case of the “biological concept” sound is treated as a pre-zygotic isolating 
mechanism, while the “recognition concept” distinguishes sound as one modality of 
communication that individuals use during mate recognition. Given that both concepts 
situate the definition of species within the context of reproduction, it follows that research 
related to questions of species recognition would also focus on reproductive behavior. 
This is certainly true in bioacoustics as evidenced by the large number of studies on how 
courtship female mate choice relate to male acoustic signals in fish (Myrberg et al., 1986; 
Kihslinger and Klimley, 2002; Oliver and Lobel, 2013; Pedroso et al., 2013) and other 
taxa (Littlejohn and Loftus-Hills, 1968; Klump and Gerhardt, 1987).  
 Our study differs from previous research in that the behaviors we studied were 
daily territorial interactions and we did not observe any instances of typical courtship 
behaviors such as signal jumps in S. nigricans or nest preparation behavior in A. 
melanopus (Ross, 1978). These behaviors may have occurred at our study site, but for 
this paper we focused on larger scale community dynamics rather than the interactions of 
particular pairs of fish. Determining how A. melanopus and S. nigricans are used 
bioacoustic for communication requires additional playback studies to test the response 
of each species to sounds of various fish. Response experiments such as those conducted 
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by Myrberg and Spires (1972) and Spanier (1979) could build on our results to address 
the question of whether A. melanopus and S. nigricans can distinguish between 
conspecific and heterospecific sounds even when we researchers cannot. 
 
Methodological Concerns for Passive Acoustic Monitoring of Sympatric Species 
  The allure of passive acoustic monitoring as a relatively efficient method of data 
collection, especially when compared to the complexity of research conducted by 
scientific diving, has encouraged the recording and classifying of fish sounds since at 
least the 1970s (Fish and Mowbray, 1970; Myrberg, 1972). Limitations of technology 
have previously prevented the extensive deployment of both short term and long-term 
underwater recording equipment, but improvements in electronics and signal processing 
have given researchers more options for designing bioacoustic studies. Acoustic data can 
now be collected by active divers, stationary recording devices, or both and can be used 
either in conjunction with visual data from videotapes or alone. From a glass half-empty 
perspective, our results indicate that passive acoustics are not an appropriate tool for 
monitoring the abundance of a given species since acoustic signals of one species may be 
indistinguishable from closely related species; from a glass half-full perspective, our 
results indicate that passive acoustics might be an appropriate tool for monitoring the 
abundance and size structure of a given family. Currently available techniques allow for 
the recognition of the presence of fish within the noisy context of coral reefs and provide 
data as to the broader taxonomic diversity of marine environments but are limited in 
terms of species recognition. Ideally, once extensive sound libraries have been developed 
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for each species, they can be used to calibrate and train automatic detection tools that will 
allow researchers to quickly scan recordings for signals of interest. If the goal of PAM is 
to document all species present at a given location, however, further techniques must be 






 The soundscape we have reported for the lagoonal patch reef at Ant Atoll in 
Pohnpei, Micronesia is typical to that of other reefs, but our results show that acoustic 
behavior alone is not sufficient to differentiate between sympatric populations of related 
pomacentrid species in such environments. We confirm that high concentration of sound 
energy in the 0-1000 Hz range is likely due to the presence of pomacentrid species and 
that other non-fish sources (primarily snapping shrimp) contribute to sound energy in 
higher frequency bands. Our data represent some of the first recordings of sympatric 
colonies of A. melanopus and S. nigricans, thus contributing to the growing collection of 
acoustic recordings for the Pomacentridae family. Future research is necessary to 
determine whether A. melanopus and S. nigricans may be able to use acoustic behavior to 
communicate, despite there appearing to be no significant differences in the acoustic 






Table 1 Kruskal-Wallis !2 statistics and p-values comparing between the three call types 
(chirps, double pops, and single pops) from Confidence Group 1, containing calls of all 
confidence levels from Amphiprion melanopus and Stegastes nigricans. 
 
acoustic parameter !2 p-value 
duration 176.92 < 0.001* 
number of pulses 199.40 < 0.001* 
pulse length 0.56 0.756 
pulse rate 11.89 < 0.001* 
mean IPI 0.89 0.345 
peak frequency 0.89 0.642 
total energy 38.94 < 0.001* 
IPI, interpulse interval 
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Table 2 Correlation matrix for acoustic parameters of all calls. There was strong 
















duration 1.000 0.749 0.254 -0.467 0.372 0.051 -0.064 0.082 
# of pulses 0.749 1.000 0.081 -0.031 -0.130 0.134 -0.054 0.048 
pulse length 0.254 0.081 1.000 -0.272 0.025 0.023 -0.136 0.184 
pulse rate -0.467 -0.031 -0.272 1.000 -0.756 0.117 0.006 -0.114 
mean IPI 0.372 -0.130 0.025 -0.756 1.000 -0.172 0.056 0.014 
IPI cv 0.051 0.134 0.023 0.117 -0.172 1.000 0.022 -0.140 
peak 
frequency -0.064 -0.054 -0.136 0.006 0.056 0.022 1.000 -0.232 
total energy 0.082 0.048 0.184 -0.114 0.014 -0.140 -0.232 1.000 
         
IPI, interpulse interval; cv, coefficient of variation 
  
39 
Table 3 Model selection criteria for linear models predicting duration on number of 
pulses, pulse length, and pulses combined with pulse length. AIC indicates that the best 
fit is the more complex model including both number of pulses and pulse length. 
   
candidate model AIC Δ AIC 
Log-
Likelihood 
pulses -873.190 25.45 439.61 
pulse length -88.110 810.54 453.35 




Table 4 Coefficients and p-values for logistic regression models predicting sound energy 





Table 5 Descriptive statistics for species by call type as defined by number of pulses 
such that a) chirp = 3+ pulses b) double pop = 2 pulses c) single pop = 1 pulse. 
(a) Chirp 
       acoustic parameter n mean sd median min max range 
duration 50 0.314 0.162 0.273 0.068 0.889 0.821 
number of pulses 50 4.16 1.48 4 3 10 7 
pulse length 50 0.02 0.01 0.02 0.007 0.043 0.036 
pulse rate 50 15.344 6.716 14.322 5.310 44.118 38.808 
mean IPI 50 0.079 0.042 0.072 0.018 0.233 0.215 
IPI cv 50 0.57 0.709 0.402 0.020 4.939 4.919 
peak frequency 50 442.73 427.49 366.05 43.1 2885.40 2842.30 
total energy 50 105.66 5.85 106.66 91.37 116.30 24.93 
        (b) Double Pop 
       acoustic parameter n mean sd median min max range 
duration 16 0.109 0.047 0.119 0.036 0.202 0.166 
number of pulses 16 2 0.00 2 2 2 0 
pulse length 16 0.02 0.01 0.02 0.009 0.044 0.036 
pulse rate 16 23.037 12.790 16.929 9.901 55.556 45.655 
mean IPI 16 0.071 0.047 0.068 0.006 0.161 0.155 
IPI cv — — — — — — — 
peak frequency 16 288.01 153.06 258.40 43.10 559.90 516.80 
total energy 16 105.91 6.86 102.83 96.20 115.40 19.20 
        (c) Single Pop 
       acoustic parameter n mean sd median min max range 
duration 30 0.020 0.013 0.016 0.007 0.052 0.045 
number of pulses 30 1 0.00 1 1 1 0 
pulse length 30 0.02 0.01 0.02 0.007 0.052 0.045 
pulse rate — — — — — — — 
mean IPI — — — — — — — 
IPI cv — — — — — — — 
peak frequency 30 376.12 162.30 344.50 129.20 818.30 689.10 
total energy 30 110.62 5.18 112.30 98.80 117.60 18.80 




Table 6 Descriptive statistics for Stegastes nigricans by call type as defined by number 
of pulses such that a) chirp = 3+ pulses b) double pop = 2 pulses c) single pop = 1 pulse. 
 (a) Chirp 
       acoustic parameter n mean sd median min max range 
duration 71 0.351 0.195 0.308 0.109 1.033 0.924 
number of pulses 71 4.82 2.38 4 3 16 13 
pulse length 71 0.02 0.01 0.01 0.006 0.046 0.040 
pulse rate 71 15.378 5.642 14.134 6.897 31.496 24.600 
mean IPI 71 0.078 0.036 0.070 0.024 0.182 0.158 
IPI cv 71 0.52 0.345 0.519 0.005 1.410 1.406 
peak frequency 71 560.47 1002.53 344.50 43.1 6632.20 6589.10 
total energy 71 105.46 4.85 105.53 94.85 116.70 21.85 
        (b) Double Pop 
       acoustic parameter n mean sd median min max range 
duration 23 0.127 0.094 0.100 0.038 0.455 0.417 
number of pulses 23 2 0.00 2 2 2 0 
pulse length 23 0.02 0.01 0.01 0.007 0.049 0.042 
pulse rate 23 22.486 12.404 20.000 4.396 52.632 48.236 
mean IPI 23 0.091 0.088 0.059 0.014 0.414 0.400 
IPI cv — — — — — — — 
peak frequency 23 614.16 946.85 344.50 172.30 4694.20 4521.90 
total energy 23 108.53 6.16 108.60 95.35 118.95 23.60 
        (c) Single Pop 
       acoustic parameter n mean sd median min max range 
duration 42 0.019 0.011 0.017 0.005 0.067 0.062 
number of pulses 42 1 0.00 1 1 1 0 
pulse length 42 0.02 0.01 0.02 0.005 0.067 0.062 
pulse rate — — — — — — — 
mean IPI — — — — — — — 
IPI cv — — — — — — — 
peak frequency 42 343.51 118.99 344.50 129.20 732.10 602.90 
total energy 42 111.35 5.41 113.70 99.50 118.40 18.90 




Table 7 Descriptive statistics for Unidentified Pomacentridae by call type as defined by 
number of pulses such that a) chirp = 3+ pulses b) double pop = 2 pulses c) single pop = 
1 pulse. 
(a) Chirp 
       acoustic parameter n mean sd median min max range 
duration 115 0.376 0.322 0.296 0.048 2.302 2.254 
number of pulses 115 4.97 3.69 4 3 32 29 
pulse length 115 0.02 0.01 0.01 0.005 0.054 0.048 
pulse rate 115 16.525 8.800 14.851 5.505 62.500 56.995 
mean IPI 115 0.075 0.039 0.073 0.012 0.213 0.202 
IPI cv 115 0.69 0.450 0.657 0.026 3.215 3.190 
peak frequency 115 752.72 1385.17 344.50 0 
6546.1
0 6546.10 
total energy 115 102.62 5.03 102.20 92.12 115.07 22.95 
        (b) Double Pop 
       acoustic parameter n mean sd median min max range 
duration 85 0.136 0.082 0.113 0.023 0.401 0.378 
number of pulses 85 2 0.00 2 2 2 0 
pulse length 85 0.02 0.01 0.02 0.006 0.055 0.050 
pulse rate 85 21.497 14.255 17.699 4.988 86.957 81.969 
mean IPI 85 0.098 0.076 0.083 0.006 0.376 0.370 
IPI cv — — — — — — — 
peak frequency 85 583.68 1169.21 301.50 0.00 
6761.4
0 6761.40 
total energy 85 104.94 5.27 104.70 89.10 116.80 27.70 
        (c) Single Pop 
       acoustic parameter n mean sd median min max range 
duration 176 0.019 0.015 0.015 0.004 0.155 0.151 
number of pulses 176 1 0.00 1 1 1 0 
pulse length 176 0.02 0.01 0.02 0.004 0.156 0.152 
pulse rate — — — — — — — 
mean IPI — — — — — — — 
IPI cv — — — — — — — 
peak frequency 176 346.98 160.33 301.50 43.10 904.40 861.30 
total energy 176 108.03 5.27 108.50 93.70 117.90 24.20 




Table 8 Results from Wilcoxon-Mann-Whitney test comparing of acoustic parameters of 
Amphiprion melanopus and Stegastes nigricans (a) chirps, (b) double pops, and (c) single 
pops. There were no variables that showed significant difference between the species. 
(a) Chirp A. melanopus S. nigricans 
  
 
acoustic parameter n mean n mean W p-value 
 
duration 71 0.35 50 0.31 1605 0.372 
 
number of pulses 71 5 50 4 1539.5 0.197 
 
pulse length 71 0.016 50 0.018 2071.5 0.119 
 
pulse rate 71 15.38 50 15.34 1725 0.794 
 
mean IPI 71 0 50 0.079 1785 0.960 
 
IPI cv 71 0.52 50 0.568 1712 0.742 
 
peak frequency 71 560.47 50 442.73 1802 0.888 
 
total energy 71 105 50 105.66 1854 0.679 
        (b) Double Pop A. melanopus S. nigricans 
  
 
acoustic parameter n mean n mean W p-value 
 
duration 23 0.13 16 0.11 184.5 1.000 
 
number of pulses 23 2 16 2 — — 
 
pulse length 23 0.018 16 0.019 210 0.466 
 
pulse rate 23 22.49 16 23.04 183.5 1.000 
 
mean IPI 23 0.091 16 0.071 171 0.721 
 
IPI cv — — — — — — 
 
peak frequency 23 614.16 16 288.01 129.5 0.120 
 
total energy 23 108.53 16 105.91 135.5 0.170 
        (c) Single Pop A. melanopus S. nigricans 
  
 
acoustic parameter n mean n mean W p-value 
 
duration 42 0.02 30 0.02 604.0 0.770 
 
number of pulses 42 1 30 1 — — 
 
pulse length 42 0.019 30 0.020 605 0.775 
 
pulse rate — — — — — — 
 
mean IPI — — — — — — 
 
IPI cv — — — — — — 
 
peak frequency 42 343.51 30 376.12 708.5 0.369 
 
total energy 42 111.35 30 110.62 542.5 0.320 
 




 Table 9 Loadings and cumulative proportion of explained variance for principal 
components analysis for (a) all calls and (b) calls from Confidence Group 1 (all types and 
confidence levels for Amphiprion melanopus and Stegastes nigricans calls.) 
a) All Calls (n = 608) 
    acoustic parameter PC1 PC2 PC3 PC4 
number of pulses -0.45 0.63 -0.45 0.44 
pulse length 0.33 0.72 0.61 -0.07 
peak frequency -0.53 -0.26 0.64 0.50 
total energy 0.64 -0.13 -0.10 0.75 
cumulative % of variance 0.35 0.60 0.82 1.00 
     b) Confidence Group 1 (n = 232) 
    acoustic parameter PC1 PC2 PC3 PC4 
number of pulses 0.52 -0.63 0.08 -0.58 
pulse length -0.43 -0.17 0.88 -0.08 
peak frequency 0.43 0.75 0.31 -0.39 
total energy -0.61 0.11 -0.34 -0.71 




Table 10 Loadings and cumulative proportion of explained variance for principal 
components analysis of Confidence Group 1 (a) chirps, (b) double pops, and (c) single 
pops. 
(a) Chirps (n = 121) 
       acoustic parameter PC1 PC2 PC3 PC4 PC5 PC6 PC7 
number of pulses 0.18 -0.04 0.76 0.09 -0.53 0.23 0.21 
pulse length -0.33 -0.37 -0.13 0.66 0.13 0.51 0.164 
pulse rate 0.58 -0.27 -0.32 -0.06 0.02 -0.04 0.69 
mean IPI -0.56 0.40 0.14 -0.13 0.17 -0.12 0.666 
IPI cv 0.31 0.06 0.46 0.35 0.71 -0.25 -0.027 
peak frequency 0.16 0.55 -0.25 0.63 -0.37 -0.28 0.013 
total energy -0.28 -0.56 0.08 0.15 -0.21 -0.72 0.04 
cumulative % of variance 0.31 0.48 0.64 0.77 0.88 0.98 1.00 
        (b) Double Pops (n = 39) 
       acoustic parameter PC1 PC2 PC3 PC4 PC5 
  pulse length 0.58 -0.27 0.22 -0.10 0.73 
  pulse rate 0.58 -0.27 0.22 -0.10 0.73 
  mean IPI -0.50 0.54 0.10 0.30 0.60 
  peak frequency 0.31 0.62 -0.47 -0.53 0.05 
  total energy -0.46 -0.15 0.39 -0.78 0.08 
  cumulative % of variance 0.45 0.66 0.83 0.96 1.00 
  
        (c) Single Pops (n = 72) 
       acoustic parameter PC1 PC2 PC3 
    pulse length 0.71 0.09 0.70 
    peak frequency -0.70 0.18 0.69 
    total energy -0.06 -0.98 0.19 
    cumulative % of variance 0.45 0.78 1.00 




Table 11 Loadings and cumulative proportion of explained variance for principal 
components analysis for (a) calls from Confidence Group 2 (medium, high, and absolute 
confidence calls) and (b) Confidence Group 3 (high and absolute confidence only). 
(a) Confidence Group 2 (n = 57) 
    acoustic parameter PC1 PC2 PC3 PC4 
number of pulses 0.56 -0.56 0.07 0.61 
pulse length -0.39 -0.04 0.89 0.22 
peak frequency 0.42 0.82 0.13 0.37 
total energy -0.60 0.07 -0.42 0.67 
cumulative % of variance 0.41 0.64 0.87 1.00 
     (b) Confidence Group 3 (n = 12) 
    acoustic parameter PC1 PC2 PC3 PC4 
number of pulses 0.54 -0.48 0.25 -0.64 
pulse length -0.50 -0.39 0.76 0.16 
peak frequency 0.16 0.78 0.56 -0.23 
total energy -0.66 0.09 -0.24 -0.71 





Table 12 Model selection criteria for logistic models. Using McFadden's Pseudo R2 it 
appears that the global model best fits the data, however Akaike information criterion 







Weight Δ AIC 
Hosmer-
Lemmeshow !2 Hosmer-Lemmeshow  p-value 
global 0.503 0.072 3.87 12.45 0.132 
pulses 0.324 3.8 x 10-12 51.17 5.15 0.741 
IPI 0.480 0.433 0.27 2.91 0.940 
temporal 0.501 0.496 0.00 10.25 0.248 
spectral 0.008 2.7 x 10-33 148.52 12.05 0.149 
IPI, interpulse interval 




Table 13 Time and location details for videotape data collected in Pohnpei, Micronesia 
on October 9, 1999. 
 




relative to central coral 
head 
Clip 1 12:02 PM 2:53:25 center 
Clip 2 12:05 PM 5:08:24 low center 
Clip 3 12:11 PM 2:56:14 left 








Table 14 Call repetition rates for each species grouped by call type. 
 
  






(minutes) Calls Rate Calls Rate Calls Rate Calls Rate 
Chirp 11.57 50 4.32 71 6.14 115 9.94 236 20.40 
Double Pop 11.57 16 1.38 23 1.99 85 7.35 124 10.72 
Single Pop 11.57 30 2.59 42 3.63 176 15.21 248 21.43 













Figure 1 Simplified representation of Pomacentridae phylogenetic tree from Cooper et 










Figure 2 Map of Pohnpei Micronesia showing study site location (star). Recordings were 





Figure 3 Screen captures showing various hydrophone and video camera placement for 
recordings made at Pohnpei, Micronesia on October 9th at (a) 12:02 pm (b) 12:05 pm (d) 
12:11 pm and (d) 12:14 pm. Circles indicate hydrophone attached to the red boom and 







Figure 4 Boxplots of measured acoustic parameters show evidence of outliers as defined 
by values that are more than 1.5 times the interquartile range from either the lower or 
upper quartiles. Outliers were included for the purposes of analysis due to uncertainty as 






Figure 5 A total of n = 608 calls were identified by species and type. (a) S. nigricans (n = 
136, 22.4%) produced more calls than A. melanopus (n = 96, 15.7%) but the difference 
was not significant. The remaining 376 (61.8%) of calls were not associated clearly 
enough with a visual behavior to be assigned a species. (b) The percentage calls assigned 
to each confidence levels was roughly equal for both species with the majority of calls (A. 
melanopus n = 70, 72.9%; S. nigricans n = 105, 77.2%) being assigned to the “low” 








Figure 6 Scatterplots of duration vs. (a) number of pulses and (b) pulse length. There is a 
positive linear relationship between duration and both parameters. A multivariate linear 







Figure 7 Typical waveforms and spectrograms (512 point Hanning window, 124 Hz 
bandwidth) for (a) chirp, (b) double pop, and (c) single pop. Example sounds were all 
identified as being produced by Stegastes nigricans. Waveforms and spectrograms 




Figure 8 Typical waveform and spectrogram (512 point Hanning window FFT, 124 Hz 
filter bandwidth) for chirp call type from (b) Amphiprion melanopus and (b) Stegastes 
nigricans. The pulses from A. melanopus cover a wider frequency bandwidth than those 




Figure 9 Typical waveform and spectrogram (512 point Hanning window FFT, 124 Hz 





Figure 10 Typical waveform and spectrogram (512 point Hanning window FFT, 124 Hz 









Figure 11 Comparison of average power spectral density curves between a) Stegastes 
nigricans and b) Amphiprion melanopus for three different sound types (chirp, double 
pop, single pop). A. melanopus sounds show slightly more power in higher frequencies, 





Figure 12 Correlation matrices of chirps from Amphiprion melanopus and Stegastes 
nigricans comparing individual pulse (a) waveforms and (b) spectrograms. There is 







Figure 13 Boxplots of Confidence Group 1 (containing sounds from both Amphiprion 
melanopus and Stegastes nigricans assigned with all confidence levels) shows that there 
are no significant differences in the temporal and spectral parameters of sounds from A. 






Figure 14 Boxplots of Confidence Group 2 (containing sounds from both Amphiprion 
melanopus and Stegastes nigricans assigned with medium, high, or absolute confidence) 
also shows no significant differences in the temporal and spectral parameters of sounds 






Figure 15 Boxplots of Confidence Group 3 (containing sounds from Amphiprion 
melanopus and Stegastes nigricans assigned only with high or absolute confidence) 
confirms there are no significant differences in the temporal and spectral parameters of 




Figure 16 Grouping sounds by (a) type and (b) species shows that neither Amphiprion 
melanopus nor Stegastes nigricans made significantly more of one type of call versus 
another. Single pops made up the largest percentage (40.7%) of total calls but there were 
nearly as many chirps (38.8%). Only about half as many double pops were recorded. 
There were significantly more calls by Unidentified Pomacentridae as compared to A. 




Figure 17 Comparing call types for subsets restricted to higher confidence levels 
confirms that Amphiprion melanopus and Stegastes nigricans did not significantly differ 







Figure 18 Principal Components Analysis of calls from (a) all sources and (b) 
Confidence Group 1. When examining (a) all sources of sounds, PC1 is weighted for 
acoustic parameters (peak frequency and energy) while PC2 is weighted for temporal 
characteristics (number of pulses and pulse length). There is no apparent clustering by 
either set of parameters. Removing the unknown sounds slightly changes the loadings 
such that PC1 for is weighted for number of pulses and peak frequency and PC2 is 








Figure 19 Principal Components Analysis calls from Confidence Group 1 (all confidence 
levels excluding Unidentified Pomacentridae) grouped by type failed to differentiate 





Figure 20 Comparing Principal Components Analysis calls from Confidence Group 2 
(medium, high, and absolute confidence calls) and Confidence Group 3 (high and 
absolute confidence calls only) does not show any distinct clustering of calls for either 






Figure 21 Principal Components Analysis calls from Confidence Group 2 (medium, 
high, and absolute confidence calls) grouped by type again failed to differentiate between 






Figure 22 Average ± standard deviation of power spectral density per 100 Hz frequency 
band for compiled recordings of total soundscape as a whole. Peak frequency occurs at 





Figure 23 Average ± standard deviation of power spectral density per 100 Hz frequency 
band for background noise and an example of the unidentifiable high frequency click as 
compared to total soundscape (Fig 22). Background noise curve was calculated by 







Figure 24 Footage was divided into 30 second long time bins for (a) Clip 1, (b) Clip 2, 








Figure 25 Footage was divided into 30 second long time bins for (a) Clip 1, (b) Clip 2, 
(c) Clip 3, and (d) Clip 4. The total number of chirps, double pops, and single pops 
occurring in each bin are plotted as individual bars. There is no discernable temporal 
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